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ABSTRACT

Two ligand-containing polymers were developed and prepared
as 1.5 mil flexible films that have satisfactory electrical and
mechanical properties as separators for sterilizable silver-zinc
cells. One type is a modified styrene-maleic anhydride-methyl
methacrylate-methyl acrylate tetrapolymer with high content of
hydrolyzable anhydride and acrylate groups. Methods were developed
to crosslink these polymers with bis(l4-anilino)methane during
film formation to make them usable separator materials by in-
solubilizing them in 40% KOH. Tests on duplicate samples from
different batches of this type polymer showed good reproducibility.

The second type polymer, 31:69 2-vinylpyridine-methyl
methacrylate copolymer, had shown promising electrical properties
in our initial program. The mechanical properties of films of
this polymer, both before and after sterilization, were improved
by increasing its molecular weight.
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I. INTRODUCTION

The primary objective of this program 1s the development
of highly stable battery separator materials that will function
satisfactorily in a sealed Ag~Zn secondary battery after heat
sterilization at 135°C, and have sufficient flexibility and
mechanical strength so that they can be incorporated into the
battery system by practical fabrication techniques. Three types
of ligand-containing polymers that showed a great deal of promise
for use as heat sterilizable separators for the Ag-Zn cell in
preliminary tests in our initial JPL 951524 program, namely,
hydrolyzed copolymers of 2-vinylpyridine-methyl methacrylate,
hydrolyzed styrene-maleic anhydride-methyl methacrylate terpolymers,
and styrene copolymers containing 8-hydroxyquinoline substituents
were chosen for development. Both the 2-vinylpyridine-methyl
methacrylate copolymers and modified tetrapolymers of styrene-
maleic anhydride-methyl methacrylate-methyl acrylate were proven
to meet most of the project objectives and therefore are now being
developed in preference to the other copolymer systems.

During this report period our objectives were as follows:

l. Complete the study of the effect of reaction para-
meters on molecular weight of the 40:60 2-vinylpyridine-
methyl methacrylate copolymer;

2. Develop methods to crosslink the styrene-maleic anhydride-
methyl methacrylate-methyl acrylate tetrapolymers during
film formation;

3. Determine the degree of crosslinkage necessary to
insolubilize tetrapolymers with high maleic anhydride-
methyl acrylate contents in 4C% KOH;

b, Evaluate the electrical and mechanical properties,
before and after sterilization, of films prepared
from the modified polymers.




II. SUMMARY

Two types of ligand-containing polymers were improved
and developed that meet most of the requirements for a separator
material for the sterilizable Ag-ZnO battery. These polymers
are the modified styrene-maleic anhydride-methyl methacrylate-
methyl acrylate tetrapolymers and a 2-vinylpyridine-methyl meth-
acrylate copolymer. The usefulness of the tetrapolymers had been
limited before, because the polymers with a high enough content
of hydrolyzable anhydride and acrylate groups for low electrical
resistivity had some solubility in 40% KOH. These polymers have
been crosslinked by reaction with diamines to make them insoluble.
Electrical measurements of sterilized films of duplicate samples
of different batches of the crosslinked polymers showed excellent
reproducibility. A tetrapolymer modified with 2-chloroethylvinyl
ether had resistivity of 19 ohm-in after sterilization. Similar
films of tetrapolymer modified with vinylcyclohexene oxide had
15 ohm-in resistivity. The electrical properties of these films
were not affected by the amount of crosslinking agents used to
insolubilize the films. However, tensile strengths of wet
sterilized films increased with increases in the degree of cross-
linkage. Films with about 2% bis(l4-anilino)methane as agent
had wet strengths of about 700 psi.

Unmodified tetrapolymers crosslinked with diamines also
survived sterilization intact, indicating an unexpected high
stability of the amide linkage to hydrolysis in 40% KOH. A
comparison of mechanical properties of these films to films of
the modified polymers is now being made.

Our study of reaction conditions for preparation of the
2-vinylpyridine-methyl methacrylate copolymer was completed.
Polymers with significantly higher molecular weight were obtained
by polymerization to high conversions. These polymers formed
films that had dry tensile strengths of about 7000 psi and wet
tensile strengths after sterilization for 120 hours of about
650 psi. Resistivities of the 31:69 copolymer were under 20 ohm-in.
Some films required sterilization times longer than 120 hours for
hydrolysis and therefore methods to accelerate wetting and hydro-
lysis of the films are now being investigated.




IIT. DISCUSSION OF RESULTS

A. EVALUATION OF SEPARATOR PROPERTIES

1. Modified Styrene:Maleic Anhydride:Methyl Methacrylate:Methyl
Acrylate Tetrapolymers

The emphaslis in this period was to determine the electrical
and mechanical properties of crosslinked polymers derived from
polymer modifications of two basic formulations that have the most
promising electrical properties. These polymers are made from
28:20:19:33 and 18:29:9:44 St:MA:MMA:MAC monomer charges. Initial
tests (Section III, C) to determine the stability to sterilization
of the various polymer modifications showed that polymers cross-
linked by reaction with diamines were the most stable. Therefore,
films of this type containing different amounts of diamine cross-
linking agent were sterilized and their electrical properties
measured. Preparation of larger film samples made with better
quality control, of the most promising combinations, was then
done to determine thelr mechanical as well as electrical properties.
Most of these tests were done with polymers modified with either
2-chloroethyl (CVE type) or epoxy (VCHO type) substituents.
Testing of unmodified polymers, such as 99137 has just started.
The electrical properties measured are summarized in Table 1.
Tensile strength determinations are given in Table 2. The results
of these tests can be summarized as follows:

a. Reslistivity of the sterilized films was not markedly
affected by the amount of reagent used to crosslink
the polymer in the range studied.

b. Resistivities of sterilized films were reproducible.
For example, thirteen 2 x 6 inch film samples having
a 1.2 + 0.3 mil thickness of polymer 99178, which is
modified with 10% vinylcyclohexene oxide, were cross-
linked with from 0.3 to 1.2% bis(4-anilino)methane
(BAM) and sterilized. Resistivities of these samples
were 15 + 2 ohm-in. Four similar 1.6 + 0.1 mil films
of polymer 99183, which is modified with 10% . 2-chloroethyl-
vinyl ether were crosslinked with 2% BAM and found to
have 19 + 1 ohm-in resistivity after sterilization.
This compares to an average of 21 ohm-in for films
made from duplicate polymer number 99150.

¢c. Tensile strength tests on sterilized films indicate
that tensile strength was increased and elongation
decreased by using larger amounts of crosslinking
reagent [e.g. 99150 with 2 and 1% bis(4-anilino)-
methane had strengths of 720 and 300 psi, respectively,
and elongations of 6 and 13%]. These results indicated
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Table 2

TENSILE STRENGTH OF MEMBRANES?

b Thickness Tensile Elongation
Reference Polymer Composition Film State mils Strength,psi at Break %
58040 33:67 2-VP:MMA Dry 1.1 - 1.6 7,100(av 10) <3
Sterilized® 3.2 660 50
Sterilized® 3.2 660 60
58039 31:69 2-VP:MMA Dry --- 7,000(av 7) --
Sterilized® 2.8 640 18
58036 36:64 2-VP:MMA Sterilized® 3.5 2,300 9
580528 36:64 Z-VP:MMAd Dry 1.5 8,600 <3
58052A 40:60 Z-VP:MMAd Dry 2.3 6,000 . <3
99150 St:MA:MMA:MAC from Dry 1.7 6,000 <3
. 18:29:9:44 charge e
modified with 10% Sterilized 3.8 720 6
CVE and cross)inked o
with 2% BAM Sterilfized 4.0 750 4
Crosslinked with Ory 1.5 5,900 <3
1% BAM
Sterilized® 3.0 300 13
Sterilized® 3.0 500 8
99153 St:MA:MMA:MAC from Dry - 1.3 5,400 <3
18:29:9:44 charge e
modified with 5% Sterilized 5.0 520 7
CVE and crosslinked e
with 1% BAM Sterilized 3.5 500 14
Crosslinked with Dry 1.4 4,300 <3
0.5% BAM
Sterilized® 3.0 330 14
Sterilized® 3.0 43s 18
Crosslinked with Dry 1.9 5,800 <3
0.25% BAM
991388 St:MA:MMA:MAC from Ory 1.4 3,400 <3
43:25:10:22 charge
Sterilized® 3.0 570 4
99129 St:MA:MMA:MAC from Sterilized® 3.3 365 43
48:25:10:17 charge
99158 St:MA:MMA:MAC from Sterilized® 2.5 240 385
28:20:19:33 charge e
Sterilized 2.2 455 80
99169 St:MA:MMA:MAC from steritized® 2.5 720 14
18:29:9:44 charge
modified with 10%
VCHO and crosslinked
with 1.2% BAM
Crosslinked with Sterilized® 2.7 560 8
0.6% BAM
99178A Same as 99169 Dry 1.5 6,650(av 6) -

Instron Tensile Tester; "D" Cell; Chart Speed 5 in min-!; Cross-head Speed:
Dry 0.5 in min-!, Wet 2 in min-!; Gage Length 2 3/4 in + 1/4 in

2-VP is 2-vinylpyridine; MMA is methyl methacrylate; St is styrene; MAC is
methyl acrylate; CVE is 2-chloroethylvinyl ether; and BAM is bis(4-
anilino)methane

Wet with KOH and after exposure to 40% KOH for 120 hrs at 135°C
LiNO3; incorporated into film at 5 wt-% of polymer
Wet with KOH and after exposure to 40% KOH for 60 hrs at 135°C



that the degree of crosslinkage was increased by
using the larger amount of reagent.

d. The crosslinked polymers showed good tear-resistance.
Film samples that were fastened to the Teflon frames
by Teflon plugs during sterilization did not develop
cracks. Elongation of all sterilized films with
tensile strengths under 500 psi was greater than 10%.

2. 2-Vinylpyridine-Methyl Methacrylate Copolymers

The polymers evaluated had methyl methacrylate contents
ranging from 60 to 69% and had relative viscosities at 0.5%
concentration from 1.5 to 4.6. Comparison of these polymers
to our earlier polymers, both qualitatively and quantitatively,
using our initial tensile strength measurements (Table 2),
indicate that the new polymers with higher molecular weight
survive sterilization better than lower molecular weight polymers
with identical methacrylate contents.

We also found that a higher methacrylate content (67-69%)
is apparently needed in the higher molecular weight polymers
(nR ~3) to give resistivities below 60 ohm-in after sterilization

(Table 1). Resistivities of samples of polymer 58039, which has
a 69% methacrylate content, were under 20 ohm-in.

The minimum time required to saponify these polymers
completely under sterilization conditions was not entirely
reproducible. Two (of 6) samples of 58039 polymer had resistivities
over 50 ohm-in after 120 hours sterilization. Both these samples
had been sterilized in the same bomb. The variation in saponifi-
cation time is probably caused by poor wetting of the films by
the electrolyte in the early stages of saponification, since the
films in the ester form are extremely hydrophobic. An electrolyte
soluble additive, lithium nitrate, was incorporated into two
films (58027 and 5803p) to aid in electrolyte penetration during
saponification. This additive affected electrical properties
only very slightly, although it plasticized the film, indicating
it was apparently holding water. Other films are now being pre-
soaked in methanol to aid wetting and also possibly accelerate
saponification by formation and subsequent reaction of sodium
methylate. Initial test samples of presoaked film survived
sterilization intact and a test series to determine reproducibility
of saponification time is underway.




B. PREPARATION OF POLYMERS

1. Styrene-Maleic Anhydride-Methyl Methacrylate-Methyl Acrylate
Tetrapolymers

Tetrapolymers with high contents of hydrolyzable anhydride
and acrylate groups were modified to incorporate sites for cross-
linking during film formation. The monomers, 2-chloroethylvinyl
ether, U4-vinylcyclohexene or vinylcyclohexene oxide, were used
to supply the crosslinking sites. The reaction conditions used
to prepare these modified polymers are summarized in Table 3.
Based on viscosity measurements, vinylcyclohexene and 2-chloro-
ethylvinyl ether lowered the degree of polymerization slightly.
However, all the polymers gave mechanically strong films.

Two duplicate batches (99183 and 99175) of polymer 99150

and a duplicate batch (99178) of 99169, which have the most
promising separator propertles were also prepared on a 200g charge
scale for use in testing reproducibility of film properties.
These polymerization reactions accelerate and become exothermic
at approximately 15% conversion. Better control was obtained at
this stage in the larger scale polymerizations .at 40°C by using
a lower catalyst concentration (0.2%) than in the smaller scale
runs.

An attempt was also made to incorporate free amino groups
into the tetrapolymers. A polymer with sufficiently high molecular
weight to give usable films (99160) was made from a monomer charge
contalning 5 weight % methyl 3-aminocrotonate. However, the
properties of the polymer indlcate that the additive probably
entered the polymer mainly as the half-amide of maleic anhydride,
rather than by copolymerization of the vinyl group. Sample films
of this polymer that were crosslinked by reactidn with bis(chloro-
methyl)mesitylene did not survive sterilization, indicating that
permanent crosslinkages were gbsent.

2. 40:60 2-Vinylpyridine-Methyl Methacrylate Copolymer

Our study to increase the molecular weight of this co-
polymer by improving polymerization conditions was completed.
Reaction conditions varied in this study were as follows:

a. Temperature (40, 60, 75°C);

b. Amount of catalyst (to give rate of initiation equi-
valent to 0.02 and 0.005 wt.% at 60°C);

¢c. Conversion.



JUIA|O0S BPLJIO|YD BUB[AYIBW Ul  yux

9|L43tuoafingost-siqg-o0ze - NIgy fapixouad (Aoune| = ¢ »x
apLx0 duaxayopdAaAutA = QHIA

f9jeu030400ULWe-¢ [AYIdW = JY 3uaxayo|d2Ad|AuLA-y = HIOA f43y3d [AutApAy3aouo|ys-z = 3AD »
$2°2 5762 8°1 09 NISY 20°0 ---- 22:0L:52:¢e¥ LLL66
18°2 6¢ €1 ob NIGY +°0 OHJA 01 vv:6:62:81 8.166
66°¢ S0l I ov NI18Y ¢t°0 OHIA 01 tv:6:62:81 69166
£9°2 £°61 4 ov NISY ¢°0 OHJIA Ol £€e:61:02:82 89166
ve'e g 2l 4 09 NISY 20°0 === €E:61:02:82 £€9166
6€°1L L2 1 ot NIdY 8°0 v § pv:6:62:81 09166
iS°1L S°6€ 14 09 NIGY 2C°0 HIA Ol £€€:61:02:8¢2 LG166
9" L G LE §°2 09 NI8Y 20°0 HIA OL Pr:6:62:81L 35166
i L S°€ ov NIGY ¢°0 IAD S vv:6:62:81 08166
00°¢ S'tt S ob NISY ¢°0 INd 6 bv:6:62:81 £€6166
26°1 gl £°'S ov NIGY 2°0 INd Ol vp:6:62:81L £8166
€L L ¢l G € oY NIGY 70 JNd Ol tv:6:62:81 GLL66
89°1 S'tl 9 09 NISY 20°0 3N Ot vr:6:62:81 065166
98°1 6l 1 09 NISY 20°0 EF S bv:6:62:81 8v 166
18"t 0§ 22 xxxlV dl 9°0 NS 0:0:06:0§ 26166

:owwqwom :owmuwncou .“Mﬂwwuwm nwwh ;mﬂM“meWWWW\m tm:wx:wmwwusu 404 m;mmmumuzuwmuMpwpoz Pausiss

403 du 931S Y3 LM 43wouoy

SNOILYOI4IQ0W ANV SYIWAT0LYY¥LIL
ILVIAYIV TAHLIW=3ILVIAYIVHLI3KW TAHLIW-3CIYQAHNY DI13TVYW-3INIYALS 40 NOILISOAWO)

€ aiqe]

10



The polymerizations were carried out in pressure bottles
with a 50g charge of freshly distilled monomers that were flushed
with nitrogen in the bottle for 10 min. before sealing the bottle.
Properties of polymers prepared in the complete study are detailed
in Table 4. The results can be summarized as follows:

a. Significant improvement in molecular weight was obtained
by polymerization to high conversion. The viscosity-
conversion relationship of this copolymer, shown in
Figure 1, is similar to that of some methyl methacrylate
homopolymers (ref. 1).

b. Polymerizations terminated at less than 40% conversion
have slightly higher molecular weights when polymerized
at 40°C rather than at higher temperatures;

¢. The variations in rate of 1initiation made in runs at

60°C did not affect the molecular weight of the
products;

d. Polymerizations carried to conversions above 40%
require a slight adjustment 1n monomer charge to
maintain constant polymer composition.

This polymerigation is very easily inhibited by trace amounts
of oxygen. We found 1t was necessary to use oxygen-free nitrogen
as cover for polymerizations done 1in resin pots to obtain high
molecular weight polymers that were equivalent to the high con-
version polymers (e.g. 58039) prepared in pressure bottles.

An attempt to incorporate an amino crosslinking site into
the 2-vinylpyridine-methyl methacrylate copolymer was also made.
However, the reagent, methyl 3-aminocrotonate, inhibited the
polymerization of the standard copolymer charge almost completely
when used in 5 weight % concentration at 40°C.

C. CROSSLINKING OF POLYMERS

Most of the crosslinking reactions were done with modifi-
cations of tetrapolymers prepared from either 28:20:19:33 or
18:29:9:44 styrene-maleic anhydride-methyl methacrylate-methyl
acrylate charges, since these linear polymers dissolve in 40%
KOH after sterilization. The criteria for a successful cross-
linking procedure is taken as the ability of film samples of the
crosslinked polymer to remain inscluble and retain mechanical
properties after sterilization in 40% KOH. Four types of sites
for crosslinking these tetrapolymerg were evaluated. The
hypothetical crosslinking reactions. are shown in Table 5.

11
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Successful crosslinking was obtained with diamines as
the reagent to crosslink either unmodified polymers or modified
polymers containing 2-chloroethyl or cyclohexene oxide sites.
The general procedure for reaction was to add the diamine to a
solution of polymer just before casting the film. However,
alkyl amines caused gel formation under these conditions.
Better crosslinked films with these reagents were obtained by

soaking preformed films of linear polymer in a methanol soclution
of the alkyldiamines.

Most of the films made from the epoxide type modification
that were reacted with aromatic diamines were cured at 80°C
overnight, since reaction type II with aromatic amines requires
elevated temperatures. However, we found that the 80°C cure
was hot necessary to obtaln films that remalned insoluble after
sterilization. This indicated that by-product amide crosslinks
formed by reaction of the diamines with the anhydride groups
(ref. 2) were unexpectedly stable to sterilization. This high
stability was confirmed with film samples of polymers containing
no sites for crosslinkage with the diamines except the anhydrids
group. »

Attempts made to crosslink film samples of an 18:29:19:33
St:MA:MMA:MAC tetrapolymer by direct coupling induced by free
radicals were unsuccessful. Films with 3% dicumyl peroxide
were cured for 24 hours at 115°C where this peroxide has a half-
life of about 15 hours, but the cured samples dissolved during
sterilization indicating a low degree of cure. Other samples of
this tetrapolymer were cured by using UV light and 2-methylanthra-
quinone as photosensitizer to generate free radicals. These
conditions were developed by Oster (ref. 3) to crosslink acrylate
polymers. However, film samples (99163) containing 5 wt. %
photosensitizer that were exposed to Black Spectroline X-4 light
(366 mp) for periods up to 25 hours dissolved during sterilization.

We also found that im situ reaction at 120°C of diphenyl-
sllane with polymers contalning winylcyclohexene groups did not
produce a high enough degree of crosslinkage to stabilize the
polymer for sterilization.

D. PREPARATION OF FILMS

Improvements 1n the quality of our films were made by
reducing dust entrapment in the films and by determining better
conditions for casting and drying them. Uniform films approximately
5" by 20" with 1 to 2 mil thickness are now being made by leveling
strained polymer solutions with a Gardner blade on a flat poly-
propylene surface protected by a dust cover and drying them in
an oven maintained at 35°C and 23-25% relative humidity.

15



An empirical straight-line relationship for optimum
casting viscosity was found between the relative viscosity of
the polymer and the casting solution concentration. It was found
to be 0.35 units of ng Per unit of polymer concentration in

wt.% for relative viscosities between 1.0 and 3.5 and concentrations
between 4 and 14 wt.%. This relationship was the same for the
tetrapolymers in methyl ethyl ketone solvent and the 2-vinyl-
pyridine-methyl methacrylate copolymers in methanol-benzene

solvent. Leveling with Gardner blade heights of 25-35 mils,
depending on concentration, gave films with uniform thickness
between 1 and 2 mils.
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IV. PROGRAM PLAN

A. GENERAL

The overall approach to be followed in accomplishing our
contract objectives can be divided into the following four phases:

1. Optimization of copolymers;

2. Optimization of modified tetrapolymers;

3. Comprehensive tests;

4. Preparation of film samples.
Our revised long-range program planning chart showing the proposed
distribution of effort for each of these phases is given in
Table 6. This program was revised to allow time to fully develop

two polymer systems, namely, the 2-VP-MMA copolymers and the
tetrapolymers, by eliminating study of new separator materials.

B. ANTICIPATED WORK FOR NEXT QUARTER

1. Determine film properties of partially saponified
2-vinylpyridine-methyl methacrylate. copolymers.

2. Complete checks on reproducibility of polymer
preparations.

3. Prepare batch of polymer selected for scale-up and
start arrangements for film preparaton.
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